In this paper, laminar forced convection and entropy generation in a counter flow microchannel heat exchanger (CFMCHE) with two different working fluids in hot and cold channels, i.e., pure water and Al 2 O 3 -water nanofluid are investigated numerically using a three-dimensional conjugate heat transfer model. The temperature distribution, effectiveness, pumping power and performance index for various volume fractions between 0.01-0.04, three nanoparticles diameters, i.e., 29, 38.4, and 47 nm and a range of Reynolds number from 120 to 480 are given and discussed. According to second law of thermodynamics and entropy generation rate in the CFMCHE, the analysis of optimal volume fraction, particles size, Reynolds number as well as optimal placement of using nanoparticles in hot/cold channels is carried out. It is found that decreasing particles size and increasing nanoparticles concentration lead to higher effectiveness and pumping power as well as lower temperature in the solid phase of CFMCHE. Furthermore, the frictional contribution of entropy increases with decreasing particles size and increasing volume fractions while the trends for heat transfer contribution of entropy are reverse. Total entropy decreases as particles size decreases and volume fraction increases hence the maximum performance occurred at lower particles sizes and higher volume fractions. The Reynolds number has significant effect on performance of system and with decreasing it the effectiveness increases and heat transfer contribution of entropy decreases while the pumping power and frictional contribution of entropy decrease. Finally, it is seen that the capability of heat transfer of Al 2 O 3 -water nanofluids is higher when they are under heating conditions because the effectiveness of CFMCHE is higher when nanoparticles are used in cold channels.
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Introduction
Microchannel heat exchangers (MCHEs) are increasingly important in current and future of different industries such as cooling of electronic components, telecommunication, robotics, metrology and automotive industries. One of the special types of MCHEs are CFMCHEs which are more attractive than single layered microheat exchangers and have better thermal performance. These types of MCHEs can be used for cooling or heating a specific fluid using a secondary fluid. For heating a cold fluid, a warm fluid used to increases the temperature of cold fluid while in case of cooling a hot fluid; a cold fluid used to decreases the temperature of hot fluid. Enhancement of thermal efficiency of such systems is very essential from the energy saving perspectives. Different factors such as geometry, velocity, number of channels and thermal properties of both solid and fluid affect the thermal performance of MCHEs.
Several ideas for improving thermal and hydrodynamic performances of MCHEs have been proposed, and they can be put into two approaches. The first is to find an optimum configuration of system and the second is to improve the heat transfer properties of working fluid. Recently, considerable interest has emerged regarding the potential use of nanofluids as working fluids of MCHEs because these new class of fluids have higher thermal conductivity with respect to conventional ones. In the past decade, many researchers experimentally and numerically demonstrated that the using these types of fluids leads to better heat transfer performance. For example, Heris et al. [1, 2] experimentally investigated the heat transfer performance of CuO-water and Al 2 O 3 -water nanofluids flowing in an annular concentric tube under a laminar flow regime. They showed that the heat transfer coefficient increases with increasing particle volume concentration and Peclet number. Mohammed et al. [3] conducted a numerical study to investigate the pressure drop and heat transfer performance of four types of nanofluids in a parallel flow twofluid microchannel heat exchanger. They used water in the hot channels and nanofluid in the cold channels and showed that using nanofluid enhanced performance of heat exchanger. Seyf and Mohammadian [4] investigated the thermal and hydrodynamic performance of a CFMCHEs with and without nanofluids. They used nanofluids in both hot and cold channels and showed that the nanofluid enhanced overall efficiency of system and with increasing the volume fraction and Reynolds number the influence of Brownian motion on effectiveness increases. Li and Kleinstreuer [5] numerically studied the thermal performance of a trapezoidal microchannel with nanofluid as working fluid. They used a temperature-dependent model for thermal conductivity that accounted for the fundamental role of Brownian motion. Their results showed that nanofluid enhances both pumping power and thermal performance and with increasing the volume fraction the thermal performance increases.
Duangthongsuk and Wongwises [6] conducted an experimental study to investigate the effect of TiO 2 -water nanofluid on pressure drop and heat transfer performance of a horizontal double tube counter flow heat exchanger. They found that nanofluid has larger heat transfer coefficient and pressure drop than water. Seyf and Feizbakhshi [7] studied the effect of particles size on thermal and hydrodynamic performance of micropin-fin heat sinks. They reported that for Al 2 O 3 -water nanofluid with decreasing particles size the Nusselt number increases while the trend is reverse for CuO-water nanofluid. Das et al. [8] experimentally investigated the temperature effect of thermal conductivity enhancement in nanofluids with CuO and Al 2 O 3 nanoparticles. The results showed that a dramatic increase in the enhancement of conductivity takes place with temperature. They also observed that nanofluid containing smaller CuO particles show more enhancement of conductivity with temperature. Nguyen et al. [9] experimentally studied the heat transfer coefficient of Al 2 O 3 -water nanofluid in an electronic liquid cooling system under turbulent flow conditions. The results showed that nanofluid with 47 nm particle diameter provided lower heat enhancement than the ones with 36 nm particle size. He et al. [10] experimentally investigated the effect of aqueous TiO 2 nanofluids with average particle sizes of 95, 145, and 210 nm on heat transfer behavior of flow through a straight vertical pipe under both the laminar and turbulent condition. They found that for a fixed particle concentration and flow Reynolds number, the convective heat transfer coefficient is less sensitive to the average particle size. Anoop et al. [11] studied the convective heat transfer characteristics of alumina-water nanofluid with two particle sizes of 45 and 150 nm in the developing region of tube flow with constant heat flux. Their results indicated that nanofluids with 45 nm particles have higher heat transfer coefficient than that with 150 nm particles. Recently, Kalteh et al. [12] numerically and experimentally studied the laminar convective heat transfer of nanofluid with two different particles diameter (100 and 30 nm) in a circular tube with constant wall temperature boundary conditions and showed larger heat transfer for smaller particle diameter.
One of the important parameter in simulation of nanofluids is effective thermal conductivity of the mixture. It depends on base fluid conductivity, particles diameter and shape, particles volume fraction, nanoparticles conductivity as well as temperature. During the last decade, several correlations for predicting the thermal conductivity of the nanofluids have been presented in the literature. For instance, Kumar et al. [13] proposed a comprehensive model to account for the large enhancement of thermal conductivity in nanofluids and its temperature dependence and particle size. A Concise review of these models is provided in Refs. [14, 15] .
Two of the main questions in optimizing performance of CFMCHEs by using nanofluids are how much more performance can be gained by using nanofluid and under what conditions the thermal performance of system is better, i.e., using nanofluid in hot channels (for heating applications) or in cold channels (for cooling applications). To the best of the authors' knowledge, there is no experimental, analytical and numerical work to answer these questions and the present study is the first attempt that compares the performance of the system as well as capability of nanofluids when it is under cooling conditions (nanofluid in hot channels) or under heating conditions (nanofluid in cold channels). In other words, the present work compares the capability of nanofluid in absorbing and transferring heat. Furthermore, the optimization of CFMCHEs by using the minimum entropy generation concept has never been explored in previous literatures. Hence, another objective of present paper is optimization of system with changing the thermophysical properties of working fluids using entropy generation minimization (EGM), which is an approach for optimization of heat transfer systems. Moreover, according to literature the investigation of the effect of particles size on performance of heat transfer systems is very rare and there is no paper to study the effect of particles size on hydrodynamic and thermal performance of CFMCHE. Therefore, the final aim of present work is to study the effect of size of Al 2 O 3 nanoparticles on performance of the system. To these ends, a numerical study has been performed with Al 2 O 3 -water nanofluid as working fluid of hot or cold channels. The effect of particle volume fraction and size of nanoparticles as well as inlet Reynolds number were investigated on pumping power, effectiveness, performance index and temperatures profile as well as generated entropy rates in the system.
Problem Definition and Computational Domain
Counter flow microchannel heat exchanger ( Fig. 1 ) composed of a large number of channels is a usual device for heating/cooling of a specific fluid. In this study, conjugated heat transfer with and without Al 2 O 3 -water nanofluid in a CFMCHE has been considered. The nanoparticles are ultrafine (<100 nm) so that we use the single phase approach proposed by Xuan and Roetzel [16] for modeling of nanofluid. In order to simplify the analysis only one symmetrical part of CFMCHE is used in this study. The cold fluid flows through the top channels; it takes away heat from bottom channels where the hot fluid is flowing. The inlet temperatures of fluid at bottom and top channels are T h ¼ 325 K and T c ¼ 300 K, respectively. The width, total length, and height of each channel are 40 lm, 10 mm, 40 lm, respectively. The thickness of solid material between two adjacent channels and between hot and cold channels are 40 lm and 40 lm, respectively. One of the main scopes of this paper is to evaluate the efficiency of nanofluids for cooling or heating of a specific fluid, which is water throughout present study. It is important to note that the properties of nanofluids depend on temperature and due to different temperature fields in hot and cold channels, using nanofluids as coolant or heating agent will lead to different thermal efficiencies. Two different combinations of working fluids are studied: (i) water in cold channel and nanofluid in hot channel and (ii) nanofluid in cold channel and water in hot channel. Case (i) is effective for heating water using nanofluid, while case (ii) is for cooling water with nanofluid. The results of present paper compare the capability of Al 2 O 3 -water nanofluids for transferring and absorbing heat. 
Mathematical Formulation
The nanofluid flow is assumed to be incompressible and the inlet Reynolds number is less than 480, hence flow is assumed to be laminar [17] . Furthermore, all external walls are insulated, and radiation, compressibility effects and natural convection are neglected in typical microflow considered in this study. The continuity, momentum and energy equations for a steady flow with temperature-dependent material properties can be written as Continuity
Momentum equations
Energy
where p and T are flow pressure and temperature, respectively. V ¼ ðu; v; wÞ is the flow velocity vector. q nf , C p;nf , l nf , and k nf are density, heat capacitance, viscosity, and thermal conductivity of the nanofluid, respectively. U is dissipation function and it represents the time rate at which energy is being dissipated per unit volume through the action of viscosity [4, 29] . For conjugate heat transfer in CFMCHE, the same equation with zero velocity should be solved in the solid region of the computational domain.
The effective density and capacitance of the nanofluid are calculated using the classical models for very dilute suspension available in literature and are expressed as [4] 
where a is nanoparticle volume fraction. Index p and f stand for nanoparticle and base fluid that is pure water in the present study. The thermal conductivity and viscosity of nanofluid are calculated according to the following equations [18, 19] :
where 
The surfaces channels in contact with fluid are treated as no-slip boundary conditions. At the inlets, constant temperatures and a uniform profiles are prescribed for velocity. At the outlets, the static pressure is fixed and the remaining flow variables are extrapolated from interior of computational domain. Equations (1)- (3) along with the boundary conditions were solved numerically using a finite volume method based on collocated grid on a structured grid. For more information about the solution procedure an interested reader may refer to Ref. [4] . Major parameters of heat transfer and hydrodynamic performance observed in this study are effectiveness and pumping power. The heat exchanger effectiveness [4] is the ratio of actual heat transfer to the maximum possible heat that can be transferred
where C c and C h are cold and hot heat capacity rates, respectively. C min is equal to C h or C c , whichever is smaller. T hi ; T ci ; T ho , and T co are temperature at hot and cold channels inlet and bulk temperature at outlet of hot and cold channels. The pumping power required to circulate hot and cold fluids in a CFMCHE is
where V is the volumetric flow rate (V ¼ v in A). A and v in are area of channel cross section and inlet velocity, respectively. Subscripts h and c refer to hot and cold fluids. For performance assessment of the investigated microchannel heat exchanger, the performance index is represented by the ratio of CFMCHE effectiveness to the total pressure drop [4] . Performance index relates the hydrodynamic and thermal performance to obtain an indication about the overall exchanger performance
where
Parameter g is reasonable to evaluate the performance of CFMCHE with and without nanofluid since nanofluids usually increase both pressure drop and total heat transfer. Entropy Generation Minimization is a modern method for optimizing heat transfer devices. Generated entropy in a device characterizes the irreversible behavior of system and can be used to
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where _ S 000ðHÞ gen and _ S 000ðFÞ gen are heat transfer and frictional contributions of total generated entropy, respectively, and can be written as
Grid Independency Test and Model Validation
In the present paper, four hexahedral grids with different number of cells from 527,897 to 15,002,586 are used for grid independency test. The grids are intensified on boundary layers regions with 532,505 cells. As seen from Fig. 2 , the maximum deviation among third and fourth grids is less than 0.01%, hence the solution becomes independent of grid size in third grid with total number of 1,211,000 cells. Therefore, similar grid is finally employed for the following studies. It is important to note that the grid independency test was performed for the worst Reynolds Scenario (higher Reynolds number).
In order to check the accuracy and reliability of code, numerical simulation were carried out to predict the results obtained by numerical study of Foli et al. [21] and experimental study of Wei et al. [22] for both parallel flow and counter flow microchannel heat exchangers. For the first validation, we compared our results with numerical data of Foli et al. [21] for a gases flow in a twofluid counter flow micro heat exchanger with rectangular channels. The length and cross sectional area of micro heat exchanger are 40 mm and 1:25 mm 2 , respectively. The working fluid of cold and hot channels are N 2 with mass flow rate of 10 À5 kg=s per channel and inlet temperature of 750 C and CO 2 with mass flow rate of 10 À5 kg=s per channel and inlet temperature of 220 C, respectively. They assumed ideal gas law for thermophysical properties of gases, no-slip and adiabatic boundary conditions at walls, as well as Dirichlet and Naumann boundary conditions for inlets and outlets, respectively. We simulated the same problem with the same boundary conditions. Table 1 shows the comparison between heat fluxes, heat transfer rates and pressure losses of present study with numerical data of Foli et al. [21] . As seen there are a very good agreement between present numerical simulation and numerical study of Foli et al. [21] .
For the second validation, we compared our results with experimental data of Wei et al. [22] . Wei et al. performed an experimental study to analyze the fluid flow and heat transfer in a stacked microchannel heat sink which consists of two rows of rectangular microchannels with counter flow and parallel flow configurations. The length and hydraulic diameter of micorchannels are 10 mm and 92 lm, respectively. The thermal boundary conditions used in experiment are uniform temperatures and constant velocities at the inlet of channels and constant heat flux of 70 W=cm 2 for both counter and parallel flow cases subjected to bottom wall of heat sink. We have simulated the same stack microchannel heat sink with the same boundary conditions and compared our numerical results with the experimental results. Figure 3 shows a comparison of calculated wall temperature distribution along heat sink with the experimental data of Wei et al. [22] . Note that there are no data points located exactly at the ends of channels in the work of Wei et al. [22] . As seen the results predicted by our numerical code match closely (with maximum deviation of 0.6%) with the results from available experimental data. Comparison of the experimental data and numerical results indicate that while the results of our numerical code accurately show the general trend of the experimental results, there is some discrepancies between the experimental data and numerical results, especially near the end of the microchannel heat sink where the numerical simulations appears to have more difference with experimental data. These small differences could be caused by end effects. Furthermore, there are two other factors that may contribute to the differences between computational fluid dynamics (CFD) and experimental results. One is the fact that each of the nine measurements points indicates the average temperature over a 1cm Â 0:55 mm region. The second factor is that the computational domain contains only the microchannel section. In the actual device there are no ideal adiabatic regions especially at the outlet and inlet cross sections and these regions provide further heat conduction path to the environment. However, in the numerical model, ideal adiabatic boundary conditions are used at outlet and inlet cross sections as well as top wall. The above code verification tests indicate that the present numerical simulations are sufficiently valid for this study.
It is worth mentioning that in our previous work [7] , the validity of present numerical approach for nanofluid modeling has been presented. Furthermore, several researchers [23] [24] [25] used the same properties models and approach for nanofluid modeling and they found excellent agreement with experimental data. However, for further validation, we compared our numerical results with numerical results of Lelea [26] as well as experimental data of Lee and Mudawar [27] for single phase flow of nanofluid flow in microchannel sink with 21 microchannel (w Â H ¼ 215 Â 821lm). The heat transfer rate of Q ¼ 300 W and alumina-water nanofluid with volume fraction of 2% were used experiment of Lee and Mudawar [27] . Figure 4 shows the local inner wall temperature versus axial Table 1 Comparison between heat flux, heat transfer rate, and pressure loss of present numerical study with numerical data of Foli et al. [21] dp Cold (N/m 2 ) dp Hot (N/m 2 )
Heat transfer rate (W) distance for mass flow rate of 5.49 g/s. As seen, there is a relatively good agreement between numerical results and experimental data.
Results and Discussions
The numerical analysis was performed for the counter flow microchannel heat exchanger. The effects of Reynolds number and volume fraction on temperature contour, effectiveness, pumping power and performance index as well as generated entropies in the system are explored first. Then, the effects of particles size and placement of nanoparticles in hot/cold channels on mentioned parameters are studied. Figure 5 exemplifies the temperature contour in CFMCHE for nanofluid as coolant (with d p ¼ 29 nm and a ¼ 0:04) for three different inlet Reynolds numbers. It is clear that at the channels inlets (x ¼ 0 and x ¼ L) the temperatures of the water and nanofluids are originally uniform and change due to the development of the thermal boundary layers. With increasing Reynolds number, the thermal developing length in each channel increases. In the hot channel the temperature decreases gradually along the longitudinal x-direction from inlet to outlet due to losing heat to cold channel, whereas in the cold channel the temperature increases due to absorbing heat from hot channel. It is obvious that with increasing Reynolds number the heat transfer rate between the cold and hot fluids increases. However, as Reynolds number increases the average bulk temperature of hot fluid increases while average bulk temperature of cold fluid decreases. These opposite treads can be explained as: two mechanisms govern the convection heat transfer in the channels (i) energy transfer due to the bulk motion of the fluid and (ii) energy transfer due to diffusion in the fluid. At low Reynolds number, due to low mean velocity of flow the diffusive heat transfer is the dominate player and consequently the fluid has more time to absorb and spread heat which causes higher bulk temperature for the cold fluid. On the other hand, with increasing Reynolds number, forced convection plays a higher role in heat transfer due to higher mean fluid velocity, hence transferring more heat without much increase in temperature. Another result can be seen from temperatures contours is that high heat flux regions are found near the channels inlets. Therefore, it can be concluded that regions with larger heat transfer coefficients are toward channels inlets. This is due to the thin thermal boundary layers in the developing regions of channels. Similar behaviors can be observed for other cases for different particle sizes, volume fraction and placement of nanoparticles. Fig. 6 . It can be seen that the temperature distributions are nonuniform and using nanofluid as a coolant causes the temperature of solid phase decreases and increasing the volume fraction intensifies the reduction. This implies that increasing nanoparticles volume fraction clearly enhances the capability of heat absorption of the cold fluid and cause the temperature of hot fluid decreases. In general, these reductions in temperature of solid phase of CFMCHE are due to nanofluid transport properties especially higher thermal conductivity of nanoparticles and the role of Brownian motion of nanoparticles on thermal conductivity enhancement.
Numerical results of the effectiveness and pumping power obtained for the CFMCHE using different Reynolds numbers and volume fractions are presented in Fig. 7 . It can be seen that increasing Reynolds number and adding low volume fraction of nanoparticles (0.01-0.04) to base fluid lead to significant increase in effectiveness and with increasing the volume fraction, the enhancement increases. These trends are expected and are in agreement with fundamental principles of convective flow because i) with increasing Reynolds number the thermal boundary layers thickness in channels decreases and consequently heat transfer coefficient increases because of inverse relation of heat transfer coefficient with thermal boundary layer thickness, ii) heat transfer coefficient is proportional to the thermal conductivity of fluid, which increases with volume fraction. In addition to the advantage of increasing thermal performance with adding nanoparticles to the base fluid, there is a drawback associated with increase of the pumping power in the device with volume fraction. It is clear from Fig. 7 that increasing volume fraction of nanoparticles which is responsible for larger heat transfer performance also lead to higher pumping power but as expected the increase is small, especially for lower particle volume fractions. The sensitivity of the pumping power to volume fraction of nanoparticles is related to the increased viscosity of mixture at higher volume fractions of nanoparticles; because high values of volume fractions leads the fluid to become more viscous which cause more pressure drop and correspondingly enhancement in pumping power. It is worth mentioning that due to low range of volume fractions studied in this paper, the small increases in viscosity will not cause a noticeable penalty on pressure drop and consequently pumping power.
The influence of nanoparticles volume fraction on entropy generation rates in the CFMCHE is investigated and the results are shown in Fig. 8 . It is clear that using nanofluid lead to lower total entropy generation rate and with increasing volume fraction, the total and heat transfer entropy generation rates decrease. Therefore, nanofluids may lead to improved heat transfer performance of system when compared to pure water. Furthermore, it can be seen that the frictional contribution of entropy generation rate increases with increasing volume fraction, which means that the hydrodynamic efficiency of system decreases with increasing volume fraction.
According to literature many researchers have shown that the presence of nanoparticles could enhance heat transfer coefficient but the effect of particles size on the heat and fluid flow has not been studied in detail. Figure 9 depicts the effect of particles diameter on temperature contour for Re ¼ 120 and a ¼ 0:04. As shown the wall temperature is not the same when using nanofluids with different nanoparticles diameters and smaller particles sizes lead to lower temperature in solid region of CFMCHE. Lower temperature in the solid phase of CFMCHE means higher absorption of heat by the cold nanofluid and consequently lower bulk temperature of hot channels. The reduction in wall temperature at lower particle sizes is due to the fact that the smaller nanoparticles diameter will lead higher thermal conductivity of mixture, which results in higher heat transfer coefficient. Therefore, as will be shown, an additional benefit of using nanofluids with smaller particles size is the higher effectiveness. Figure 10 illustrates the effect of nanoparticles size on the effectiveness and pumping power. It is clear that decreasing nanoparticles diameter causes increasing pumping power and effectiveness of the system. According to figure, the changes in effectiveness and pumping power are not pronounced for higher nanoparticles diameters, i.e., d p ¼ 47 nm and d p ¼ 38:4 nm. This is due to the fact that the thermal conductivity of Al 2 O 3 -water nanofluid for these two particles sizes is nearly equal. This comment also holds for other volume fractions, say, for a ¼ 0:01; 0:02; 0:03. It is important to note that the increase in heat transfer rate with decreasing nanoparticles size was also reported in previous works in the literature [7, 9, 28, 29] . At this point, it should be noted that the Brownian motion is one of the main mechanism of thermal conductivity enhancement and with decreasing the particles diameter, the effect of Brownian motion increases due to improvement of microconvection around nanoparticles. Furthermore, the formation of liquid layers around nanoparticles and aggregation of nanoparticles [7, 30, 31] are other mechanisms of enhancement of thermal conductivity because (i) with decreasing particles diameters, the specific area of nanoparticles increases which results in enhancement in thermal conductivity due to nanolayers and (ii) with decreasing particles size the probability of aggregation increases because the smaller particles are closer together than larger particles and the attractive van der Waals forces are stronger for smaller particles sizes [32, 33] . Therefore, with decreasing nanoparticles size the effect of nanolayer formations, aggregation and Brownian motion increase which lead to enhancement of thermal conductivity and consequently heat transfer coefficient. It is important to note that increasing pumping power with decreasing nanoparticles diameter is due to higher pressure drop at lower nanoparticles sizes. This is because at same volume fraction, smaller size nanoparticles cause higher viscosity because they are more in number and consequently have higher total surface area with respect to larger diameter particles. Hence, smaller nanoparticles sizes have higher area for interaction with base fluid than larger ones, which cause higher nanofluids viscosity. It is worth mentioning that Namburu et al. [34] for the first time experimentally showed similar behavior for viscosity of nanofluids at smaller nanoparticles diameters. Furthermore, numerical study of Seyf and Feizbakhshi [7] confirm that for Al 2 O 3 -water nanofluids lower nanoparticles sizes have higher pressure drop and Nusselt number. Figure 11 depicts the effect of particles size on the entropy generation rates caused by individual and combined sources for nanofluid flow in CFMCHE. It is clear that a decrease in nanoparticles diameter, decreases heat transfer and total entropy generation rates because of higher thermal conductivity of nanofluid at lower particles diameters and consequently higher heat transfer enhancement. Therefore, smaller particles diameters yield more favorable results in thermal efficiency of the system than the larger ones. Finally, it is interesting to mention that, to our knowledge, the results for effectiveness and pumping power as well as generated entropies presented here regarding the effect of particles diameter on thermal and hydrodynamic behaviors of CFMCHEs are believed to be the first of its kind. The authors hope that these data will contribute to optimization of CFMCHEs for practical applications. Figure 12 exemplifies the effect of Reynolds number, volume fraction and particles size on performance index of heat exchanger for cases 1 and 2. One can clearly observe that for both cases with increasing Reynolds number, the performance index decreases while increasing volume fraction lead to better performance index, i.e., higher overall hydrodynamic and thermal performance because of lower pressure drop and higher effectiveness. It can also be seen that, case 2 has higher performance index with respect to case 1. Furthermore, as seen nanofluids with particle size of 29 nm have higher performance index than that of 47 nm.
For heating or cooling of a specific fluid employing CFMCHE, the question arises to most engineers is in which fluids (cold or hot) the nanoparticles should be used for gaining highest capability of nanofluid and providing the best thermal and hydrodynamic performance of system. To answer this question, we compared the thermal and hydrodynamic characteristics of system for two different cases, i.e., case 1 (nanofluid in hot channels) and case 2 (nanofluid in cold channels). Figure 13 illustrates the effectiveness and pumping power for cases 1 and 2 for different Reynolds numbers at a ¼ 0:04 and d p ¼ 29 nm. The comparison of effectiveness and pumping power of these cases shows that case 2 leads to higher effectiveness and pumping power compared to case 1. The higher effectiveness of case 2 with respect to case 1 means higher capability of nanofluids in absorbing heat when they are under heating condition. In other words, one can conclude that it is better to use nanofluids for cooling applications.
Conclusions
Single phase heat transfer and entropy generation in a CFMCHE with nanofluid as coolant and heating agent fluid was investigated numerically using a three-dimensional conjugate heat transfer model. The model used for the effective thermal conductivity of nanofluid incorporates the effects of Brownian motion, particles diameter and volume fraction. Effectiveness, pumping power, performance index as well as generated entropies were obtained for different volume fractions, Reynolds number and particles diameter. The results clearly show that the inclusion of Al 2 O 3 nanoparticles into pure water will produce a considerable enhancement in effectiveness of CFMCHE. We have observed that decreasing particles size or increasing volume concentration leads to increasing effectiveness and pumping power of system. Furthermore, the frictional contribution of entropy increases with increasing Reynolds number and volume fraction and decreasing particles size. However, the heat transfer and total entropies decrease with increasing particles concentration and decreasing nanoparticles size while it increases with increasing Reynolds number. Finally, it was observed that using nanofluid as cooling agent leads to higher thermal performance for CFMCHE. Based on results of this study we conclude that the performance of twofluid CFMCHEs enhances when the Al 2 
